The population of elderly persons has increased worldwide. However, few studies have examined age-dependent changes in lipid and carbohydrate metabolism related to age-related diseases. The number of cases of metabolic syndrome is increasing worldwide and prevention of lifestyle diseases may lead to prolongation of lifespan. In this study, we examined age-dependent changes in lipid and carbohydrate metabolism in the senescenceaccelerated (SAM) P10 mouse. Tissue weights and biochemical parameters in plasma and liver were examined in SAMP10 mice aged 3, 6, 9 and 12 mo. White adipose tissue weight and the levels of liver triacylglycerol, plasma free fatty acids, and plasma insulin all showed increases with aging of the mice. To examine this mechanism in detail, aging-related changes in mRNA expression of genes related to lipid and carbohydrate metabolism were examined by DNA microarray analysis. The mRNA level for Hsd11b1 (hydroxysteroid 11-beta dehydrogenase 1), which increases insulin secretion and resistance, was elevated with aging in the liver of SAMP10 mice. These results show that lipid accumulation in liver and white adipose tissue is promoted by aging in SAMP10 mice through an increase in plasma insulin levels. Key Words aging, DNA microarray, Hsd11b1, hyperinsulinemia, SAMP10
The population of elderly persons has increased worldwide ( 1 , 2 ) and this trend is expected to continue, with a concurrent increase in age-related diseases ( 2 ) . Studies of aging are important for prevention of these diseases, maintenance of personal quality of life (QOL), and societal health. Many studies on age-related diseases have been performed, with a particular focus on encephalopathy (3) (4) (5) . However, few studies have examined age-dependent changes in lipid and carbohydrate metabolism related to lifestyle diseases. The number of cases of metabolic syndrome is increasing worldwide ( 6 ) and prevention of lifestyle diseases may lead to prolongation of lifespan. Therefore, an understanding of the dependence of lifestyle diseases on aging is particularly important.
In this study, we investigated age-dependent changes of lipid and carbohydrate metabolism in the senescenceaccelerated (SAM) P10 mouse. This mouse was developed in 1981 by a research team at Kyoto University ( 7 ) . At present, there are nine senescence-prone inbred strains, which are referred to as SAMP1, 2, 3, 6, 7, 8, 9, 10 and 11 ( 8 ) . The SAMP10 mouse exhibits encephalatrophy along with aging, which reflects learning and memory disorder ( 9 ) . In this study, tissue weights and biochemical parameters for lipid and carbohydrate metabolism in plasma and liver were examined in SAMP10 mice aged 3, 6, 9, and 12 mo. To examine the mechanisms underlying age-dependent changes in lipid and carbohydrate metabolism, changes with age of mRNA levels for genes related to lipid and carbohydrate metabolism were examined by DNA microarray analysis.
MATERIALS AND METHODS

Animals and diets.
All procedures were performed in accordance with the Animal Experiment Guidelines of Tohoku University. The animal protocol was approved by the Animal Use Committee at Tohoku University ( 10 ) . SAMP10 mice (11 wk of age) were obtained from Japan SLC, Inc. (Hamamatsu, Japan). After acclimatization to a commercial diet (CE-2; CLEA Japan, Inc., Tokyo, Japan) for 1 wk, mice were sacrificed for analysis at age 3 mo (3MO; n ϭ 8), 6 mo (6MO; n ϭ 7), 9 mo (9MO; n ϭ 8), and 12 mo (12MO; n ϭ 7). The mice were housed in individual cages with free access to commercial diets and distilled water in a temperature-and humidity-controlled room with light cycles of 12 h on and 12 h off ( 10 , 11 ) . At the appropriate time point, the mice were weighed and then sacrificed by decapitation, and the kidney, liver, epididymal adipose tissue, mesenteric adipose tissue, perirenal adipose tissue and plasma were collected and stored at Ϫ 80˚C until performance of assays.
Biochemical analyses in plasma and liver. The lipid compositions in the liver and plasma were measured as described previously ( 12 , 13 ) . Triacylglycerol (TG) and total cholesterol (TC) levels in plasma and liver, and phospholipid (PL), free fatty acid (FFA), and glucose levels in plasma were measured using commercial enzyme kits (Wako Pure Chemical Industries, Ltd., Osaka, Japan) according to the manufacturer's protocol. Insulin, adiponectin, and leptin levels in plasma were determined using ELISA kits (Shibayagi, Shibukawa, Japan) ( 13 ) . PL levels in liver were determined using the method described by Rouser et al. ( 14 ) . Retinol binding protein 4 (RBP4) levels in plasma were determined using ELISA kits (AdipoGen, Incheon, Korea).
Determination of lipid peroxides. To examine oxidative stress caused by aging, the levels of thiobarbituric acid reactive substances (TBARS) in liver and plasma were determined as described previously ( 10, 15, 16 ) . mRNA expression analysis. For DNA microarray analysis and real-time quantitative reverse transcriptase (RT) PCR, total RNA was isolated from liver using an RNeasy Mini Kit (Qiagen, Valencia, CA) ( 17 ) , eluted with 30 L RNase-free water, and stored at Ϫ 80˚C until use. DNA microarray analysis (GeneSQUARE ® , Multiplex Assay DNA Microarray Lifestyle Diseases Gene Expression For Mouse) using the total RNA was performed by Kurabo Industries (Osaka, Japan). Total RNA was subjected to amplification, and RNA was pooled for each group and analyzed for DNA microarray analysis ( 17 ) . The experimental procedure was essentially similar to the one previously described ( 17 -19 ) . Alexa Fluor 555-labeled cDNA was prepared from total RNA from mouse liver through cDNA synthesis and in vitro transcription was performed using a SuperScript TM Plus Direct cDNA Labeling System (Invitrogen) according to the manufacturer's protocol with some modification. Labeled cDNA was purified and then hybridization was performed. After hybridization, the hybridized slide was washed. After it was dried, the slide was scanned with a GenePix 4000B scanner with GenePix Pro 6.0.1.27 (Intermedical Co., Ltd., Aichi, Japan) at Kurabo Industries Ltd. Fluorescence intensities of scanned images were quantified, corrected for background, and normalized by the intensity of Gapdh ( 20 ) . The adjusted intensity equals the intensity of each gene minus the background value. The normalized intensity to the Gapdh gene was calculated by the following formula: normalized intensity ϭ ( X Ϫ Z )/( Y Ϫ Z ) ϫ 1,000, where X is the adjusted intensity of target gene, Y is the adjusted intensity of the Gapdh gene, and Z is the median of adjusted intensities of six negative controls ( 21 ) . In this DNA microarray analysis, the 3MO group was compared with 6, 9 and 12MO groups ( 17 , 22 , 23 ) . To quantify the mRNA levels of genes, the mRNA levels for hydroxysteroid 11-beta dehydrogenase 1 (Hsd11b1) and retinol binding protein 4 (Rbp4) in liver were determined with a 7300 Real-Time PCR System (Applied Biosystems). This system allows real-time quantitative detection of PCR products by measuring the increase in fluorescence caused by binding of SYBR green to double-stranded DNA ( 10 , 11 ) . In brief, cDNA was made using a Ready-To-Go T-Primed First-Strand Kit (GE Healthcare, UK) from the total RNA in the liver. The cDNA was subjected to PCR amplification using SYBR ® Premix Ex Taq™ (Perfect Real Time) (Takara Bio, Otsu, Japan) and gene-specific primers for Hsd11b1, Rbp4, or ␤ -actin ( Table 1 ). The PCR conditions were 95˚C for 10 s, and then 95˚C for 5 s and 60˚C for 31 s over 40 cycles for each gene. Melting curve analysis was performed following each reaction to confirm the presence of only a single reaction product. The threshold cycle (C T ) represents the PCR cycle at which an increase in reporter fluorescence above a baseline signal can first be detected. The ratio between the ␤ -actin content in standard samples and test samples was defined as the normalization factor.
Statistical analysis. Results are expressed as means Ϯ SE. Data were analyzed by a one-way ANOVA with a Dunnett post-hoc test. A difference was considered to be significant at p Ͻ 0.05.
RESULTS
Effects of aging on growth parameters
Changes in body weight, food intake and tissue weights with aging in SAMP10 mice are shown in Table  2 . The body weights in the 6MO, 9MO, and 12MO groups were 118, 124, and 115% of that in the 3MO group, respectively, with a significant increase in the 6MO and 9MO groups. The weights of epididymal adipose tissue in the 6MO, 9MO, and 12MO groups were 194, 251, and 204% of that in the 3MO group, respectively, with a significant increase in the 9MO group. The respective weights of mesenteric adipose tissue, a visceral white adipose tissue, in the 6MO, 9MO, and 12MO groups were 162, 184, and 178% of that in the 3MO group, respectively, with a tendency for an increase in the 9MO and 12MO groups ( p ϭ 0.05 and 0.08, respectively). The weights of perirenal adipose tissue, another visceral white adipose tissue, in the 6MO, 9MO, and 12MO groups were 256, 306, and 265% of that in the 3MO group, respectively, with a significant increase in all three groups. No significant differences in food intake, kidney weights or liver weights were found among the four groups. Overall, the increases in body weight and the weight of white adipose tissue suggest that lipids may accumulate in the white adipose tissue of SAMP10 mice with aging.
Effects of aging on biochemical parameters in plasma and liver
Since an increase in the weight of white adipose tissue was seen with aging, the levels of biochemical parameters in the plasma and liver of SAMP10 mice were examined (Table 3 ). The plasma TC levels in the 6MO, 9MO, and 12MO groups were 97, 84, and 91% of that in the 3MO group, respectively, with a significant reduction in the 9MO group. The plasma PL levels in the 6MO, 9MO, and 12MO groups were 92, 90, and 87% of that in the 3MO group, respectively, with a significant reduction in the 12MO group. There was no significant difference in the plasma TG levels among the four groups. The liver TG levels in the 6MO, 9MO, and 12MO groups were 163, 186, and 166% of that in the 3MO group, respectively, with a significant increase in all three groups. The liver TC levels in the 6MO, 9MO, and 12MO groups were 119, 107, and 105% of that in the 3MO group, respectively, with a significant increase in the 6MO group. The liver PL levels in the 6MO, 9MO, and 12MO groups were 104, 94, and 90% of that in the 3MO group, respectively, with a significant decrease in the 12MO group. Thus, the lipid composition in the plasma and liver changed significantly with aging, with particular accumulation of lipids in the liver, as well as in the white adipose tissue.
The plasma FFA levels in the 6MO, 9MO, and 12MO groups were 137, 105, and 161% of that in the 3MO group, respectively, with a significant increase in the 6MO and 12MO groups (Table 3) . No significant difference in the plasma adiponectin levels was found among the four groups. In contrast, the plasma leptin levels in the 6MO, 9MO, and 12MO groups were 261, 472, and 163% of that in the 3MO group, respectively, with a significant increase in the 9MO group. These results suggest that FFA and leptin levels in plasma increase in parallel with an increase in the weight of the white adipose tissue. The plasma glucose levels in the 6MO, 9MO, and 12MO groups were 94, 88, and 85% of that in the 3MO group, respectively, with a significant decrease in the 9MO and 12MO groups. The plasma insulin levels in the 6MO, 9MO, and 12MO groups were 149, 376, and 498% of that in the 3MO group, respectively, with a tendency for an increase in the 9MO and 12MO groups (pϭ0.23 and 0.06, respectively). The plasma insulin levels in the 12MO group increased by 5-fold compared to that in the 3MO group. These results show an agedependent increase in FFA and insulin levels with resulting hyperinsulinemia. The plasma TBARS levels in the 6MO, 9MO, and 12MO groups were 138, 666, and 255% of that in the 3MO group, respectively, with a significant increase in the 9MO group (Table 3) . The liver TBARS levels in the 6MO, 9MO, and 12MO groups were 150, 142, and 167% of that in the 3MO group, respectively, with a significant increase in all three groups. The increased levels of TBARS with aging suggest that oxidative stress in the plasma and liver increases with aging.
Effects of aging on mRNA levels of lipid and carbohydrate metabolism-related genes in the liver
The above results show that substantial changes in lipid and carbohydrate metabolism occur with aging in SAMP10 mice. To examine this mechanism in detail, aging-related changes in mRNA levels of 334 genes related to lipid and carbohydrate metabolism were examined using DNA microarray analysis. In this DNA microarray analysis, the 3MO group was compared with the 6MO, 9MO, and 12MO groups. The genes which showed increased or decreased mRNA levels with aging were listed ( Table 4) . Eight of these genes showed increased mRNA levels with aging, and four showed decreased mRNA levels; these genes all showed good signal intensity in the microarray. Increased mRNA lev- els with aging were found for hydroxysteroid 11-beta dehydrogenase (Hsd11b1) and retinol binding protein 4 (Rbp4), which promote hyperinsulinemia and insulin resistance, in the liver of SAMP10 mice. Decreased mRNA levels occurred for acyl-CoA synthetase longchain family member 1 (Acsl1) and 3-hydroxy-3-methylglutaryl-coenzyme A synthase 2 (Hmgcs2), which are involved in fatty acid ␤-oxidation and cholesterol synthesis, respectively. The increased levels of Hsd11b1 and Rbp4 mRNA with aging are of particular interest. Hsd11b1 promotes hyperinsulinemia, insulin resistance and visceral fat accumulation. Although it is reported only about adipose tissue, Rbp4 also promotes hyperinsulinemia and insulin resistance. To confirm the results of the DNA microarray analysis, the mRNA levels of Hsd11b1 and Rbp4 were measured by quantitative RT-PCR (Fig.  1) . The Hsd11b1 mRNA levels in the 6MO, 9MO, and 12MO groups were 118, 145, and 139% of that in the 3MO group, respectively, with a significant difference from the 3MO group in the 9MO and 12MO groups. The Rbp4 mRNA levels in the 6MO, 9MO, and 12MO groups were 122, 148, and 136% of that in the 3MO group, respectively, with a significant difference in the 9MO and 12MO groups. The plasma RBP4 levels in the 3MO, 6MO, 9MO, and 12MO groups were 26.4Ϯ1.8, 35.9Ϯ2.2, 29.8Ϯ0.7, and 29.3Ϯ0.8 mg/mL, respectively, with a significant increase in the 6MO compared with 3MO group. These results suggest that hyperinsulinemia progresses in an age-dependent manner in SAMP10 mice, since Hsd11b1 induces hyperinsulinemia.
DISCUSSION
In this study, we clarified the changes in lipid and carbohydrate metabolism that occur with aging in SAMP10 mice. Increases in the weight of white adipose tissue and liver TG levels were seen with aging, even though a standard diet was supplied to the mice (Tables  2 and 3 ). This suggests that SAMP10 mice readily accumulate lipids in the white adipose tissue and liver upon aging. The plasma insulin levels also increased with aging (Table 3) and it has been reported that an increase in plasma insulin promotes lipid accumulation in white adipose tissue and liver (24, 25) . Therefore, the observed lipid accumulation in white adipose tissue and liver may have resulted from the increase in plasma insulin. Plasma FFA levels also increased with aging in the mice (Table 3) , and lipid accumulation in white adipose tissue can cause an increase in plasma FFA (26, 27) . In turn, this increase can result in hyperinsulinemia and insulin resistance (28) , which suggests that SAMP10 mice are likely to develop hyperinsulinemia with aging.
To examine this mechanism in more detail, agedependent changes in mRNA levels of genes related to lipid and carbohydrate metabolism were examined using DNA microarray analysis. This showed elevated mRNA levels for Hsd11b1 and Rbp4 in the liver with aging (Table 4 , Fig. 1 ). Fatty liver occurs in mice that overexpress Hsd11b1 due to increases in gluconeogenesis, fatty acid synthesis, and plasma insulin without hyperglycemia (29) . Thus, the age-dependent increase in mRNA level for Hsd11b1 is likely to induce insulin secretion and cause hyperinsulinemia. Furthermore, mice that overexpress Rbp4 in adipose tissue have insulin resistance and Rbp4-knockout mice show improved insulin sensitivity (30) . The plasma RBP4 levels in the 3MO, 6MO, 9MO, and 12MO groups were 26.4Ϯ1.8, 35.9Ϯ2.2, 29.8Ϯ0.7, and 29.3Ϯ0.8 mg/mL, respectively, with a significant increase in the 6MO compared with the 3MO group. SAMP10 mice are known to exhibit renal function impairment with aging (9) . So in the 9MO and 12MO groups, the plasma RBP4 levels may have decreased because of urinary excretion of RBP4 protein with renal function impairment. Therefore, the increase of plasma insulin level according to aging may associate to other factors (e.g. the level of liver Hsd11b1 mRNA). The role of liver Rbp4 remains to be studied further. This is the first demonstration of an age-related increase in Hsd11b1 and Rbp4 mRNA levels in the liver. This result is very interesting since it may point to new strategies for treatment of diabetes and insulin resistance.
This suggests that lipid accumulation in liver and the white adipose tissue is promoted upon aging in SAMP10 mice through an increase in plasma insulin levels, and perhaps through an increase in liver Hsd11b1 mRNA level. The plasma TBARS level increased significantly in 9MO mice and the liver TBARS levels increased significantly in 6MO, 9MO, and 12MO mice compared with the 3MO group ( Table 3) . The increasing of plasma TBARS level with aging is especially remarkable. It is consistent with the previous report that indicates plasma TBARS levels in mice rise with aging (31) . TBARS is an oxidative stress marker that is dependent on aging and associated with senescence in SAM mice (32, 33) . It is also known that lipid peroxide hampers tissue function (34) . Thus, the possibility that age-dependent oxidative stress impairs tissue function and changes lipid and carbohydrate metabolism related to lifestyle diseases is plausible. Therefore, the progress of senescence due to oxidative stress in SAMP10 mice may have changed cellular functions and promoted liver Hsd11b1 and Rbp4 mRNA levels with aging.
Although the plasma insulin levels increased with aging in SAMP10 mice, the plasma glucose levels decreased (Table 3) . Two reasons may underlie these apparently contradictory results. First, overexpression of Hsd11b1 in the mouse liver causes an increase in plasma insulin without causing hyperglycemia (29) . So our findings are consistent with this previous report. Second, SAMP10 mice are known to exhibit renal function impairment with aging (9) and this may promote lowering of glucose reabsorption.
In this study, since we examined age-dependent changes in lipid and carbohydrate metabolism only in SAMP10 mice, further study is needed to clarify the changes in other strains. In a previous study, it was reported that plasma TG, glucose, insulin, and leptin levels are increased and liver TG level is increased with decreasing fatty acid oxidation in the liver in rats with aging (35) . It is also reported that PPAR-␣-null mice show increased fatty acid accumulation and decreased cholesterol synthesis, glucose storage and gluconeogenesis in the liver with aging (36) . In addition, with a diabetogenic diet, it is reported that plasma insulin level is increased with aging (37) . Thus, it must be true that lipid metabolism is changed by aging. However, timedependent gene expression changes like those in the present study had not examined. Therefore, it is not certain whether these alterations are related to age-dependent gene expression changes. In addition, changes in lipid and carbohydrate metabolism throughout the lifespan are unclear in these examinations because rearing periods were shorter than in present study when the longevity of these animals was considered. Hereafter, we'll examine changes in lipid and carbohydrate metabolism in detail in different diets, mouse strains, and/or animal species.
Overall, the results of this study show that aging in SAMP10 mice is accompanied by elevation of liver mRNA for Hsd11b1, increased plasma insulin, and lipid accumulation in the liver and white adipose tissue. These changes lead to hyperinsulinemia on aging based on intake of a standard diet. There has been an increase in food (energy) intake worldwide (38) , and our current results suggest that SAMP10 mice bred with high energy diets will have a greater risk of developing metabolic syndromes such as insulin resistance and diabetes. We plan to examine the influence of long-term intake of high energy diets in SAMP10 mice in a future study.
